streptomycin in the plating medium, whereas its sensitivity to both agents became more pronounced indicating a synergistic effect. This freeze-thaw-induced sensitivity was transient and capable of being repaired in a simple salts medium. Transient outer and cytoplasmic membrane damage was also observed in frozen and thawed preparations. From kinetics studies, repair of cytoplasmic membrane damage superseded repair of outer membrane damage and damage measured by mercuric ions and mercuric ions plus streptomycin. Osmotically shocked cells were also sensitive to mercuric ions, mercuric ions plus streptomycin, and sodium lauryl sulfate, but not to sodium chloride or streptomycin alone. This sensitivity was again transient and capable of repair in the same simple salts medium. Active transport of a non-metabolizable amino acid, a-amino isobutyric acid, was sensitive to mercuric ions and became more so after freezing and thawing. A freezethaw-resistant mercuric ion-dependent reduced nicotinamide adenine dinucleotide phosphate oxidoreductase was localized in the cytoplasm of this organism. This enzyme and an intact outer membrane appear to be required for mercuric ion resistance in this strain.
Freezing and thawing is a stress which can have profound effects both physiologically and biochemically on populations of bacteria. The effects observed include membrane and wall damage, loss of enzyme activity, structural alteration, and loss of viability (4, 16, 19) . The precise factor(s) which causes death in bacteria or other cells on freezing and thawing is not properly understood (4, 16, 19) .
In this laboratory, we have been interested in investigating the stability of the bacterial genome and its subsequent expression after stresses such as freezing and thawing. Since many strains of Pseudomonas sp. contain a wide range of plasmids with a variety of interesting functions (8) , this has offered us an opportunity to study the stability of plasmids and their replication and expression after stress. The plasmid used in this study (pPLI) is of the P2 compatibility group, carrying genes for both streptomycin and mercuric ion resistance (8) . Although the mechanism for conferring resistance is not known for the plasmid, mercuric ion resistance is usually conferred by the presence of a mercuric ion degrading enzyme (3, 8, 20) . The mercuric ions are usually detoxified in bacteria by reduction, generally by reduced nicotinamide adenine dinucleotide phosphate (NADPH) or reduced nicotinamide adenine dinucleotide (NADH), to volatile Hg0 (3, 8, 12, 20) . There is little evidence in the literature for alternative mechanisms. Streptomycin resistance appears to be conferred, at least by plasmid mediation, by streptomycin degradation systems or altered transport mechanisms (3, 8, 9 ). There appears to be no evidence for altered targets or permeability barrier-mediated resistance due to plasmids (3, 8, 9) .
In this paper, we report on the stability of expression of a drug resistance plasmid after two stresses, freezing-thawing and osmotic shock. The effect of freeze-thaw on mercuric ion sensitivity of active transport is also reported. An Hg2+-dependent NADPH oxidoreductase was also detected, and its cellular location was determined. TRANSIENT (11) . Spheroplasts of the organism were prepared as described by Mizuno and Kageyama (17) , except that the ethylenediaminetetraacetate (pH 7.0) concentration was lowered to 0.1 mM to minimize lysis of the cells. The resultant spheroplasts were disrupted, and the extract was fractionated into supernatant and particulate fractions as described before (11) .
Enzyme assays. Isocitrate dehydrogenase, NADH oxidase, 2',3'-cyclic phosphodiesterase, and Hg2+-NADPH dependent oxidoreductase were determined spectrophotometrically as described by Knowles et al. (11) , Weston and Knowles (21), Bhatti et al. (1, 2) , and Komura et al. (12) . An international unit was defined as the amount of enzyme required to convert 1 ymol of substrate to product per min. All enzyme assays were performed at room temperature (22 to 24°C), except cyclic phosphodiesterase (37°C).
RESULTS
We have previously shown that this drug resistance plasmid can be cured from the bacterium by curing agents such as mitomycin C and sodium lauryl sulfate. However, freezing and thawing will not effectively cure this plasmid (P. H. Calcott, D. Wood, and L. Anderson, 2nd International Symposium on Microbial Ecology, University of Warwick, England, 1980). Since the plasmid appeared to be relatively stable to the stress of freeze-thaw, we decided to determine whether its expression was also stable.
When cells were frozen slowly or rapidly in water or saline, survival was not influenced by thawing rate (Table 1) . However, slow thawing decreased cryosurvival for preparations frozen ultrarapidly when compared with those thawed rapidly. This has been shown previously for Table 2 ). The freeze-thaw-induced sensitivity to mercuric ions and the synergistic effect of streptomycin was seen whether cells were frozen slowly, rapidly, or ultrarapidly in water or saline and thawed slowly or rapidly (Table 1 ). These two phenomena were most obvious for cells frozen ultrarapidly in saline and then thawed slowly. This freeze-thaw-induced mercuric ion sensitivity or injury could be related to wall or membrane damage (or both) which is known to occur in frozen and thawed bacteria (4, 16, 19) .
To test whether this sensitivity to mercuric ions and mercuric ions plus streptomycin was reversible, frozen and thawed populations of partially induced bacteria were incubated at 37°C for various times in a salts-repair medium previously shown to support repair of damage to Escherichia coli (7) . Viable counts were followed on nutrient agar and on nutrient agar supplemented with mercuric ions, mercuric ions plus streptomycin, sodium lauryl sulfate, or sodium chloride. The sodium lauryl sulfate and sodium chloride were included to measure the proportion of the survivors exhibiting outer membrane and cytoplasmic membrane damage, respectively (16, 19) . From the data presented in 6 ,000'C/min. All samples were thawed rapidly. Fig. 1 , it is evident that partially induced frozen and thawed cells not only exhibited injury measured by a decrease in counts on mercuric ionplus streptomycin-supplemented media, but also exhibited outer and cytoplasmic membrane damage. However, many more cells showed sensitivity to mercuric ions and mercuric ions plus streptomycin than showed sensitivity to sodium lauryl sulfate or sodium chloride.
Incubation in the repair medium did not cause an increase in the viable count on nutrient agar, indicating that growth was not occurring (Fig.  1) . Thus, it is clear that the repair medium facilitated an increase in resistance of the surviving cells to mercuric ions, mercuric ions plus streptomycin, sodium lauryl sulfate, and sodium chloride, irrespective of the freezing and thawing conditions. However, the kinetics of appearance of resistance to each agent were not similar. Resistance to sodium chloride was regained rapidly (complete in 0.5 h), indicating rapid repair of cytoplastic membrane damage. Outer membrane damage (as measured by sensitivity to sodium lauryl sulfate) was repaired less rapidly and was usually complete after 1 to 1.5 h, whereas establishment of resistance to mercuric ions and mercuric ions plus streptomycin took between 1 and 2 h. This would indicate that the outer membrane might play a role in mercuric ion resistance in this organisms.
To determine whether the level of induction of the mercuric ion resistance played a role in the freeze-thaw-induced loss of mercuric ion resistance or the synergistic effect of streptomycin and mercuric ions, fully induced bacteria were frozen and thawed and then allowed to repair cell damage under the same conditions to which the partially induced cells were exposed. Figure  2 shows that fully induced cells showed not only sensitivity to mercuric ions but also the synergism between streptomycin and mercuric ions. Thus, these two effects were independent of the level of induction of the mercuric ion resistance. However, in fully induced populations many more cells were able to withstand the mercuric ions after freeze-thaw than in partially induced populations ( Fig. 1 and 2 ). This would indicate that the level of induction played a role in determination of mercuric ion resistance after stress. If these stressed cells were then incubated in the repair buffer, cytoplasmic membrane damage was repaired rapidly (0.5 to 1 h), whereas outer membrane damage was repaired more slowly (2 h ). Resistance to mercuric ions in the presence or absence of streptomycin was regained in 2 to 3 h. However, the extent of repair was more complete in the fully induced than in the partially induced cells ( Fig. 1 and 2) . Thus, the level of induction played an important role in the regeneration of mercuric ion resistance. Since freezing and thawing is a complex stress, we have evaluated the effect of a simple stress, osmotic shock, on the cell's resistance to mercuric ions and streptomycin. Unlike the situation in E. coli, osmotic shock caused a decrease in viability in the P. aeruginosa population (Fig.  3) . In the survivors, cytoplasmic membrane damage (measured by sodium chloride sensitivity) was not evident, whereas outer membrane damage (decrease in resistance to sodium lauryl sulfate) was detected (Fig. 3) . Similarly, decreases in plating efficiencies were recorded on mercuric ion-supplemented media and on mercuric ion-plus-streptomycin-supplemented media, though no synergistic effects were seen. Stressed cells retained their ability to grow on streptomycin-supplemented agar (Fig. 3) . By incubating osmotically shocked cells in the simple salts medium used to allow repair of freezethawed cells, resistance to mercuric ions was regained. These experiments strengthen the requirement for an intact outer membrane in this strain for expression of mercuric ion resistance.
.i 101. Fig. 1, except plated with less than 10' efficiency on mercuric ion agar. An isogenic strain lacking the plasmid and sensitive to Hg2e also showed no enzyme activity. Thus, the enzyme plays a major role in mercuric ion resistance. Since an intact outer membrane also appeared to be required for resistance, we have examined the enzyme to determine whether it was periplasmic in nature and could have been released or at least disrupted from its site in the wall on stress. We have used two techniques for localization, osmotic shock and spheroplast formation. With both methods, we have determined the distribution of periplasmic (2'3'-cyclic phosphodiesterase), cytoplasmic (isocitrate dehydrogenase), and membrane-bound (NADH oxidase) enzymes (1, 2, 11) . Using both techniques, we released the periplasmic enzyme quantitatively, and in the case of osmotic shock none of the membrane-bound enzyme was released ( Table  4 ). The cytoplasmic enzyme was essentially retained by the cells, although a small amount was released indicating lysis of a proportion of the cells (Table 4 ). The Hg2e-dependent NADPH oxidoreductase was also retained by the cell with loss of a small amount. This would locate this enzyme as soluble and cytoplasmic, as in E. coli (12, 20) . Although this enzyme was released by neither osmotic shock nor spheroplast formation, it is possible that the harsher freeze-thaw conditions might release the enzyme from the cell. We have been unable to detect more than 5% release of the enzyme after freezing and thawing, even though greater than 99% of the cells showed loss of mercuric ion resistance. In addition, the enzyme in whole cells or in cellfree extract was stable. After freeze-thaw, we could detect less than 20% loss in activity. Thus loss of mercuric ion resistance could not be explained by release or inactivation of the enzyme.
DISCUSSION
The plasmid under study and the expression of one of its functions, streptomycin resistance, appeared to be stable to stress in this organism. Frozen and thawed cells did show a transient loss of mercuric ion resistance, which could be restored by incubation of the stressed cells in a simple salts medium. The kinetics of reestablishment of resistance to mercuric ions and mercuric ions plus streptomycin were similar to those shown for repair of outer membrane damage. The kinetics of repair of these functions was slower than that for cytoplasmic membrane damage repair. This indicated that resistance to mercuric ions and mercuric ions plus streptomycin was not dependent on an intact cytoplasmic membrane alone, but probably required an intact wall or outer membrane. The requirement for an intact wall or outer membrane was strengthened with the studies of loss of mercuric ion resistance in cells after osmotic shock and the increase in mercuric ion sensitivity of active transport in cells after freeze-thaw. The Hg2+-dependent NADPH oxidoreductase was also required for resistance to mercuric ions since cultures devoid of activity plated with very low efficiency on mercuric ion agar (5) . From the experiments on location of the mercuric ion NADPH oxidoreductase and its stability on freezing and thawing, loss of mercuric ion resistance in frozen and thawed cells cannot be explained simply by inactivation or physical loss of the enzyme from the cell. It is apparent that after the stresses imposed, the enzyme is still present in the cell in an active form. However, the assays employed in this paper were far from physiological with the reducing equivalents being supplied exogenously. Undoubtedly, the enzyme is associated with an environment in the cell rich in reducing equivalents, possibly the respiratory chain or the Krebs cycle enzymes. It is possible that freezing and thawing, although it did not affect the enzyme per se, decreased the generation of reducing equivalents and their transfer to the enzyme. This possibility is strengthened by two observations. First, respiration and two energy-utilizing processes, active transport and protein synthesis, are susceptible to freezing and thawing (7, 10, 13) Resistance to streptomycin appeared to be very stable, indicating that the integrity of the outer or cytoplasmic membrane was not essential for resistance. The precise mechanism of streptomycin in this strain is unknown but could involve an altered target, an inactivating enzyme, or an altered transport mechanism (8, 9) .
Survival offrozen and thawed populations was always lower when cells were plated on mercuric ion plus streptomycin agar than when cells were plated on mercuric ion agar. This observation is difficult to explain when one considers that streptomycin alone did not lower the count of stressed populations. This would indicate, however, that the streptomycin acted in a synergistic manner with mercuric ions. The level of induction of the mercuric ion-detoxifying enzymes would appear to play no part, since partially and fully induced cultures showed this phenomenon after freeze-thaw. However, the synergistic effect was not seen in organisms subjected to osmotic shock. Thus, it is likely that the cytoplasmic membrane might play a critical role though the precise mechanism cannot be elucidated with the data presented.
These data serve to illustrate, at least partially, the similarity between stresses such as freezing and thawing and osmotic shock. Both processes cause loss of periplasmic proteins (4, 16, 18, 19) and cause a transient increase in sodium lauryl sulfate and mercuric ion sensitivity (this paper): freezing and thawing, but not osmotic shock, caused a transient membrane damage. It is attractive to postulate that the cold osmotic shock that occurs on osmotic shock is perhaps a component of the freeze-thaw conditions and that the mechanisms of damage involved are very similar.
